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Abstract We simulate the two Coupled Model Intercomparison Project scenarios RCP4.5 and RCP8.5,
to assess the effects of melt-induced fresh water on the Atlantic meridional overturning circulation
(AMOC). We use a newly developed climate model with high resolution at the coasts, resolving the
complex ocean dynamics. Our results show an AMOC recovery in simulations run with and without an
included ice sheet model. We find that the ice sheet adds a strong decadal variability on the freshwater
release, resulting in intervals in which it reduces the surface runoff by high accumulation rates. This
compensating effect is missing in climate models without dynamic ice sheets. Therefore, we argue to
assess those freshwater hosing experiments critically, which aim to parameterize Greenland's freshwater
release. We assume the increasing net evaporation over the Atlantic and the resulting increase in ocean
salinity, to be the main driver of the AMOC recovery.
PlainLanguage Summary The Atlantic Ocean circulation is an important factor within the
Earth's climate system. Part of this overturning are specific regions in the North Atlantic where water
masses get heavier and sink down. It is speculated that huge amounts of fresh water could disturb this
process and weaken the circulation. Because of global warming, one source of this fresh water might be
melt water from the Greenland ice sheet. Global warming will also lead to stronger precipitation over
Greenland. We show in different future scenarios that the Greenland ice sheet is not only melting but also
growing in some areas. The amount of melt water that flows into the ocean shows a strong fluctuation.
We find that the melting of the Greenland ice sheet will not have a big effect on ocean circulation.
1. Introduction
The Atlantic meridional overturning circulation (AMOC) plays a crucial role in Earth's climate system.
It has been shown that it may be affected by freshwater perturbations and changes in ocean temperature
(Bryan, 1986; Clark et al., 2002; Manabe & Stouffer, 1995; Rahmstorf, 2002). Paleoclimate studies have
found that its strength can be linked to abrupt climate changes in the past (Broecker et al., 1985; Keigwin
et al., 1991; McManus et al., 2004). Examples for these changes are the so-called "Little Ice Age" (Bianchi &
McCave, 1999; Broecker, 2000; Thibodeau et al., 2018) or the Last Termination and Heinrich Events (Barker
et al., 2009, 2010; Broecker, 1990; Broecker et al., 1988; Knorr & Lohmann, 2007). With respect to global
warming, several studies suggest a future slowdown (Gierz et al., 2015; Golledge et al., 2019; Stocker &
Schmittner, 1997; Swingedouw& Braconnot, 2007; Weaver et al., 2012) and observations of sea surface tem-
perature (SST), that can be used as a proxy for AMOC strength, already indicate a recent slowdown since
the mid-twentieth century (Dima & Lohmann, 2010). However, the extent of the future weakening and the
parts of different mechanisms affecting the AMOC are still unclear. One of these mechanisms is the poten-
tial futuremelting of the Greenland ice sheet (GIS), whichmight lead to the release of huge amounts of fresh
water into the northern North Atlantic. Studies by Latif et al. (2000) and Lohmann (2003) suggest a strong
atmospheric freshwater export from the Atlantic as an AMOC stabilizing effect in warm climates and those
with a weak AMOC, respectively.
Studies for phase five of the ClimateModel Intercomparison Project (CMIP5) suggest a further future weak-
ening of the AMOC for different IPCC scenarios.Weaver et al. (2012) analyzed 30 of thesemodels and found
anAMOCweakening of 23–30% for the Representative Concentration Pathway (RCP) scenario RCP4.5 and a
weakening of 36–44% for the RCP8.5 scenario.Whilemost CMIP5models deploy land surface and hydraulic
models and capture, for example, surface runoff and snow accumulation, they generally do not include
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explicit ice sheet models (ISM). Therefore, they lack important feedbacks, such as melt elevation feedbacks
and inherent fluxes from ice through calving and basal melting. To compensate for these drawbacks, some
studies use ad hoc water hosing without explicitly simulating the location of freshwater release (e.g., Hu
et al., 2009, 2011; Jungclaus et al., 2006; Stammer et al., 2011).
Studies with coupled climate ice sheet models have been performed (e.g., Driesschaert et al., 2007; Gierz
et al., 2015; Golledge et al., 2019; Lenaerts et al., 2015;Mikolajewicz et al., 2007), but with limitations regard-
ing the resolution, the coupling, or the forcing applied. It has been suggested that the location of freshwater
inflow is essential to accurately assess the effect of ice sheet melting on the AMOC (Y. Liu, Hallberg, et al.,
2018).While freshwater fluxes from the GIS can affect deepwater formation in the Labrador Sea (Yang et al.,
2016) and AMOC (Weijer et al., 2012), other studies show only weak interactions between west of Green-
land, the Labrador Current, and the Labrador Sea (Eden & Böning, 2002; Schmidt & Send, 2007; H. Wang,
Legg, et al., 2018). Böning et al. (2016) suggest that only small amounts of GISmeltwater reach the Labrador
Sea with little effect on the AMOC. Danek et al. (2019) find that the resolution in the ocean circulation
modelmatters for the Labrador Sea convection and that such areas can play an important role in realistically
simulating the variability in AMOC.
Additionally, to the melting of ice sheets, the melting of sea ice might play a crucial role in a possible future
AMOC slowdown (W. Liu, Fedorov, et al., 2019). Here, we want to improve the understanding of effects
by GIS melting on the AMOC by identifying the main contributors to a possible future AMOC slowdown
and address different feedback mechanisms. For that, we use a multiresolution atmosphere-ocean-ice sheet
model with increased resolution in the northern North Atlantic to run different future scenarios.
2. Methods
The model is based on the AWI Earth System Model (AWI-ESM), which consists of the AWI Climate
Model (AWI-CM) (Rackow et al., 2018; Sidorenko et al., 2015), but with interactive vegetation and Northern
Hemisphere ice sheet. The model comprises the atmosphere model ECHAM6 (Stevens et al., 2013), which
is run with the T63L47 setup, that is, a horizontal resolution of 1.85◦ × 1.85◦. The ocean-sea ice model
FESOM1.4 (Q. Wang, Danilov, et al., 2014) employs an unstructured grid, allowing for varying resolutions
from20 kmaroundGreenland and in theNorthAtlantic to around 150 km in the open ocean (CORE2mesh).
Here, the dynamic ice sheet model PISM1.1 (Martin et al., 2011; Winkelmann et al., 2011) is dynamically
coupled to the ocean and atmosphere components. The ice sheet model is used for the GIS domain with a
resolution of 5 km. The land surface processes are computed by the land surface model JSBACH2.11 (Reick
et al., 2013). The model considers the surface runoff toward the coasts, deploying a hydrological discharge
model that also includes freshwater fluxes by snowmelt (Hagemann & Dümenil, 1997). However, for areas
without infiltration, the whole precipitation is passed to the river runoff, and thus, no snow accumulation
can occur. This also applies to glacial areas likeGreenland andAntarctica (Hagemann&Gates, 2003). There-
fore, in our coupled model setup, the total mass balance from the ice sheet model is added to the surface
runoff by the land surface model to account for surface accumulation.
Ourmodel strategy is thatwe perform experimentswithAWI-ESMwith andwithout the interactive ice sheet
component. Control simulations are run for both model setups (CTRL, CTRL-ice) for 399 and 408 years,
respectively. For those runs, greenhouse gas (GHG) forcing is fixed at an assumed preindustrial level
(Figure 1a). Historical runs are performed, starting from the Year 1850 (HIST, HIST-ice), that are forced
with historical GHG concentrations, reconstructed from observations. We investigate two different future
scenarios following the Representative Concentration Pathway (RCP). These are the RCP4.5 (Clarke et al.,
2007; Wise et al., 2009) and the RCP8.5 (Riahi et al., 2007) scenarios, corresponding to atmospheric CO2eq
concentrations by the Year 2100 of 581 and 1,231 ppm, respectively. These CO2 concentrations represent a
combined equivalent of all projected anthropogenic forcing, including landuse change and aerosol emis-
sions. To be able to investigate the effects of globalwarming on the ice sheet, the simulations are prolonged to
the Year 2200, fixing the CO2eq concentrations of the Year 2100. Each scenario is simulatedwith (RCP4.5-ice,
RCP8.5-ice) and without interactive GIS (RCP4.5, RCP8.5).
3. Feedback of Ocean and Atmosphere
The global surface average temperature increases from around 13◦C to above 16◦C in the RCP4.5 scenario
and about 19.5◦C in theRCP8.5 scenario (Figure 1b). There are no significant differences between the results,
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Figure 1. Time series of 11-year mean (a) CO2 forcing as concentration of CO2 equivalent in the atmosphere,
(b) global near-surface average temperature, (c) sea ice volume in the Northern Hemisphere; shaded areas indicate 1
standard deviation; (d) North Atlantic mixed layer depth with Barents Sea, Baffin Bay, Kara Sea, Labrador Sea, Nordic
Seas, Irminger Sea; (e, f) SSS anomaly for the coupled model setup for 2170–2199, (g, h) SSS anomaly difference
between coupled and uncoupled model setup for 2170–2199. Arrows indicate surface streamlines.
including the ice sheet andwithout. Regarding the sea surface salinity (SSS),most areas in theNorthAtlantic
show an increase in SSS (Figures 1e–1h). The anomaly is very pronounced in the Barents Sea, the Kara Sea,
and the Baffin Bay, with SSS increasing by around +2 psu. The strongest decrease in P-E occurs over the
Atlantic between 10◦Nand 40◦Naswell as 10◦S and 40◦S, reaching values of up to−1myear −1 in theRCP8.5
scenario (Figure 2). An increase in P-E can be seen over Greenland and North Europe and also over the
Labrador Sea and the Irminger Sea. This pattern is more distinctive in the RCP8.5 scenario, and differences
between the two model results are relatively weak (Figure S1 in the supporting information). The pattern
of P−E< 0 for the low latitudes and P−E> 0 for the high latitudes gets enhanced in both future scenarios,
whereas no significant differences between the two model results can be seen.
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Figure 2. Time series of 11-year mean P-E integrated over the catchment areas of (a) North Atlantic, (b) Central Atlantic, (c) South Atlantic for all scenarios;
shaded areas indicate 1 standard deviation; for CTRL only the last 100 years are shown; (d) P-E anomaly averaged for the years 2170–2199 for RCP8.5-ice with
different areas of the Atlantic; anomalies in regions of deep water formation of (e) salinity, (f) temperature, (g) potential density for RCP8.5-ice; (h)–(j) same as
(e)–(g) but for RCP8.5.
Around the Year 2150, most of the sea ice in the Northern Hemisphere is gone in the RCP8.5 scenario and
decreased to less than a half in the RCP4.5 scenario. No major differences between both models can be seen
(Figures 1c and S2 in supporting information). The Nordic Seas, and, to a lesser extent, the Labrador Sea
and the Irminger Sea show a positive salinity anomaly +0.5 to +1.0 psu (Figure 1 e,f). The increase in the
RCP4.5 scenario is less pronounced than in the RCP8.5 scenario. Especially, the anomaly in the Labrador
Sea is stronger in the setup with ISM than in the one without (Figures 1g and 1h). A freshening can be seen
along the margin of Greenland, following the Labrador Current along the northern coast of Canada, and
thus past regions of deepwater formation (Figure 1d), following the streamlines in this area (Figures 1e–1h).
This freshening is more pronounced in RCP4.5-ice than in RCP4.5 but only slightly stronger in RCP8.5-ice
than in RCP8.5.
The temporal evolution of anomalies in temperature, salinity, and density for the regions of deep water
formation in the North Atlantic (Figures 2e–2j) shows that salinity is decreasing initially at the surface
(Figures 2e and 2h) but increasing in the subsurface. The effect of a subsurface increase in salinity that
would result in an increase in potential density is overcompensated by strongwarming of over 5K (Figures 2f
and 2i) from the surface to the depth. This leads to a decrease in potential density of up to−1.0 kgm −3 at the
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Figure 3. Time series of 11-year means and spatial changes of the GIS in the coupled simulations; shaded areas
indicate 1 standard deviation. (a) The ice sheet's total volume expressed as sea-level rise potential, (b) surface runoff
from the ISM, (c) surface accumulation, (d) discharge, (e) the ice sheet's total volume change, (f) surface runoff from
the atmosphere model; for CTRL only the last 100 years are shown; (g and h) anomaly of the ice sheet's thickness for
2170–2199 for RCP4.5-ice and RCP8.5-ice, respectively; (i and j) the ice sheet's surface mass balance for 2170–2199 for
RCP4.5-ice and RCP8.5-ice, respectively.
surface, eventuating in an enhanced stratification (Figures 2g and 2j). Thus, deep convection may be ham-
pered, and the AMOC slows down. The negative surface salinity anomaly peaks around 2100 and decreases
from then on (Figures 2e and 2h).
4. Feedback of the Greenland Ice Sheet
Overall the GIS is losing mass due to the increasing atmospheric temperatures. The total ice mass expressed
as sea-level rise potential is decreasing from around 7.18m to around 7.14m in the RCP4.5 scenario and to
around 7.06m in the RCP8.5 scenario by the Year 2200, leading to a global sea-level rise of 0.04 and 0.12 m,
respectively (Figure 3a).
The discharge contributes around 0.025 Sv to the ice mass loss and stays at a constant level throughout all
simulations (Figure 3d). The surface runoff increases from less than 0.01 Sv in the control run to around
0.013 Sv in the RCP4.5-ice scenario and to over 0.03 Sv in the RCP8.5-ice scenario (Figure 3b). In contrast
to that, the basal melting does contribute hardly anything to the ice mass loss (Figure S3 in the supporting
information). These numbers add up to a total ablation of around 0.04 Sv for RCP4.5-ice and 0.06 Sv for
RCP8.5-ice. The actual icemass change shows a decal variability up to 0.015 Sv for RCP8.5-ice and is smaller
for RCP4.5-ice (Figure 3e). The difference between total ablation and ice mass change is mainly due to local
snow accumulation at the surface of the ice sheet (Figure 3c). Main areas are the southern and eastern parts
of Greenland, whereas the western part is the main area of freshwater release (Figures 3i and 3j). The inte-
grated surface accumulation increases from0.032 to around 0.04 Sv in the RCP4.5-ice scenario and to around
0.05 Sv in the RCP8.5-ice scenario (Figure 3c) due to enhanced precipitation over Greenland (Figure 2d).
The additional precipitation that leads to local ice sheet growth in the model with ISM is released to the
ocean immediately via river routing in the model without ISM. Thus, only the net ice mass change is added
to the surface runoff of the land surface model. Due to the increased variability, there are intervals in which
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Figure 4. Time series of 11-year mean of (a) AMOC Index, defined as the streamfunction maximum between depths of
200 and 2,000m and 30–60◦N, (b) index for northward freshwater flux over 33◦S, approximated after Vries and Weber
(2005), (c) P-E integrated over Atlantic catchment area (Figure 2d); for CTRL only the last 100 years are shown for
P-E Atlantic; (d) temporal evolution of salinity anomalies averaged over the upper 1,000m of the Atlantic basin
(Figure 2d) in RCP85-ice.
the coupled model runoff is smaller than the uncoupled one. However, the averaged land surface discharge
into the North Atlantic by Greenland is around 0.01 Sv higher in RCP8.5-ice than in RCP8.5 and around the
same for RCP4.5-ice and RCP4.5 (Figure 3f).
5. Multicentennial Trend of the AMOC
In this paper, the AMOC index is defined as the maximum of the meridional stream function between
200 and 2,000m and 30–60◦N. The AMOC shows a slowdown in all experiments. The AMOC index in the
coupled model simulations is around 1 Sv higher than in the uncoupled model runs (Figure 4a). This cor-
responds to the slightly colder and more saline surface waters in the regions of deep water formation. The
minimum AMOC index is reached around the Year 2075 for the RCP4.5 scenario and around the Year 2110
for the RCP8.5 scenario. Although the North Atlantic stays more stratified in the future scenarios compared
to the control state, the AMOC recovers in all simulations.
The net freshwater export via the atmosphere is significantly larger than that via the ocean, changing from
about −0.45 and −0.55 Sv in the control states to between −0.7 and −0.8 Sv for the RCP8.5 scenario in the
uncoupled and coupled model setup, respectively (Figure 4c). This change overcompensates the decrease
of oceanic freshwater import into the Atlantic (Figure 4b) and leads to an increase in ocean salinity, as also
found by Lohmann (2003) and Latif et al. (2000). This result is supported by the fact that the highest increase
in salinity can be seen at around 40◦N, spreading northward (Figure 4d). While the North Atlantic shows
a net atmospheric freshwater import (Figure 2a), this is overcompensated by the net loss over the Central
and South Atlantic (Figure 2b and 2c). Figure 4d shows an initial increase in salinity between 0◦N and
40◦N, as suggested by Figure 2d. These are the areas of the highest P-E decrease. While there is an initial
freshening between 40◦N and 80◦N, it turns into a positive salinity anomaly from the Year 2100 onward.
This corresponds well with the AMOC slowdown and the decline in sea ice (Figure 1c), as there is no sea
ice anymore that could act as a southward carrier of fresh water from the polar region.
6. Discussion
Our results show a net ice mass loss of the GIS in the future RCP8.5 scenario and, to a lesser extent, in
the RCP4.5 scenario. While the land surface model captures the surface runoff, other mechanisms like the
melt elevation feedback or basal melting and iceberg discharge are missing. Here, we show that the total
ablation of the GIS is increased by around 0.01 Sv for the RCP8.5 scenario by including a dynamic ice sheet
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model into our climate model. However, this additional 0.01 Sv is rather small compared to around 0.025 Sv
of discharge alone. Due to our coupling mechanism, the absolute freshwater release is balanced out to some
extent by local snow accumulation. Therefore, the signals in the tendency of ice mass and the land surface
discharge are opposite, meaning that the GIS surface mass balance is potentially buffering the bare surface
runoff of the land surface model. However, the strong decadal variability in the GIS mass balance is not
seen for the AMOC. There is an interval between 2006 and around 2020, where the land surface discharge
of RCP8.5-ice is lower than that of RCP8.5, corresponding to the positive GIS mass balance in this inter-
val. However, the differences are relatively small and lay within the standard deviation of the time series.
The amounts of freshwater released to the ocean of around 0.04 Sv in the RCP4.5-ice and around 0.06 Sv
in the RCP8.5-ice (Figure 3f) are in accordance with the results from Lenaerts et al. (2015). As the surface
runoff, discharge, and basalmelting are treated equally, and all accounted as surface runoff, allmelt-induced
freshwater is released into the ocean directly. Therefore, no effects of iceberg transport are captured.
While the AMOC is around 1 Sv stronger in the coupled results than in the uncoupled ones, this seems to
be due to a different initial state caused by coupling the ice sheet into the model. The overall trends of the
AMOC are similar for both models: A decrease throughout the 21st century by around 7.5 Sv and a recovery
starting at the beginning of the 22nd century. The total freshwater release of around 0.06 Sv brought into the
ocean by theGIS in the coupledmodel setup is not sufficient to keep theAMOC in aweak state. This result is
in contrast to the findings of Vizcano et al. (2008) andMikolajewicz et al. (2007), who found freshwater per-
turbations of 0.02–0.03 Sv to be sufficient for preventing a recovery. Studies by Golledge et al. (2019) found
a recovery of the AMOC in a simulation run without ice sheet feedbacks for the RCP8.5 scenario. However,
although these studies did include dynamic ice sheet models, they used coarser ocean grids, not able to
depict North Atlantic ocean currents like they can be seen in our results (Figures 1e–1h). Our results suggest
that at least a share of the GISmeltwater is transported away by the Labrador Current (Figures 1e–1h), as the
hot spot of freshwater release is located in West Greenland. These results may confirm the findings by Eden
and Böning (2002) and Schmidt and Send (2007) that there is only little exchange between the Labrador
Current and the Labrador Sea. While the increase in ocean temperature seems to be the main driver for
the AMOC slowdown, as is also suggested by Swingedouw et al. (2015) and Kelly et al. (2016), the recov-
ery appears to be driven by an increase in ocean salinity (Figures 2e–2j). Though the little effect, it seems
essential to include a dynamic ice sheet model for appropriately depicting the places of freshwater release.
Different authors argue that a positive Atlantic freshwater import constitutes a negative feedback for the
AMOC, leading to a recovery of the AMOC after an initial perturbation (Jackson, 2013; Liu et al., 2013;
Rahmstorf, 1996). This is in accordance with our results (Figure 4b). The changes in the Atlantic freshwa-
ter import are little compared to the changes in P-E over the southern and central Atlantic (Figure 2) that
seem to be the main contributor of the Atlantic salinity increase. The positive salinity anomaly in the North
Atlantic follows a trend observed since the 1950s (Stocker et al., 2013), which continues in our experiments.
Studies by Lind et al. (2018) show that Barents Seawarming, observed since 1970, can be linked to a decrease
in Arctic sea ice, resulting in enhanced evaporation and to an Atlantic-dominated regime. The negative
anomalies in P-E in the Baffin Bay, the Barents Sea, and the Kara Sea support this result (Figure 2d). How-
ever, the strongest salinity anomalies occur at around 40◦N and seem to spread northward (Figure 4d). The
near-surface fresheningmay be the result of the AMOCweakening. The following positive salinity anomaly
around 80◦Nmay be the result of a reduction in sea ice transport from the polar region, as also seen in other
studies by W. Liu, Fedorov, et al. (2019).
7. Conclusion
In our newly developed coupled climate-ice sheet model AWI-ESM, we simulate the climate warming sce-
narios, to assess the effects of melt-induced fresh water on AMOC. Our oceanic multiscale model allows
us to resolve ocean boundary currents and regions of deep-water formation. Our model shows an AMOC
recovery for the RCP8.5 scenario (with fixed CO2 forcing from 2100 onward) starting at the beginning of
the 22nd century onward, for both versions with and without a dynamic ISM. The differences in the exper-
iments are relatively minor. Also, the total freshwater release from the Greenland ice sheet is similar for
both versions. However, the interactive ISM adds pronounced decadal variability to the surface runoff into
the North Atlantic, resulting in intervals, where the surface accumulation overcompensates the ice sheet
melting. This feature is not present in conventional climate models, as they lack ice sheet dynamics.
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Our results also suggest that the atmospheric freshwater transport by enhanced evaporation in the Atlantic
realmplays amajor role in anAMOC recovery. The net increase in evaporation over the central and southern
Atlantic is stronger than the increase in precipitation in the North Atlantic.
As a logical next step, we will investigate the role of the Labrador Current on the GIS melt-induced freshen-
ing of the North Atlantic. Since iceberg discharge can make up a large portion of total ice sheet mass loss,
the incorporation of an iceberg model is useful. Such a model would enable for simulating the freshwater
release by calving, without the compensating effect of the total GIS mass balance. Including iceberg calv-
ing and transport would allow salinity changes to occur directly over deep water formation sites, thereby
enabling a more realistic representation of the freshwater dynamics in the North Atlantic. In the Southern
Ocean, an iceberg model would allow for simulating the disintegration of Antarctic ice shelves (Pollard &
DeConto, 2009; Sutter et al., 2016; Timmermann & Hellmer, 2013).
Data Availability Statements
Code for the AWI-ESM-PISM coupler SCOPE is available under https://gitlab.awi.de/pgierz/scope (Gierz
et al., 2020) and can also be installed via the Python package managing system, pip, via the com-
mand pip install scope-coupler. SCOPE is a free software, licensed under the GNU Pub-
lic License, v.3. The Parallel Ice Sheet Model PISM is available from this site (https://github.com/
pism/pism). FESOM is also a free software and available from this site (https://github.com/fesom/fesom).
ECHAM6, which is the atmospheremodel of theMPI-ESM, is a property of theMax Planck Institute forMete-
orology. Its model code is available at https://code.mpimet.mpg.de/login?back_url=https%3A%2F%2Fcode.
mpimet.mpg.de%2Fprojects%2Fmpi-esm-users%2Ffiles after registration at this site (https://www.mpimet.
mpg.de/en/science/models/availability-licenses). For further information, please contact karl-hermann.
wieners@mpimet.mpg.de. Modifications required to reconstruct the version of ECHAM6 in the AWI-ESM
are avaiable as patch file from this site (https://gitlab.awi.de/pgierz/echam6-patch). Simulation output is
provided via PANGAEA (https://doi.org/10.1594/PANGAEA.916162).
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